Abstract Quantitative electron microscopic methods were used to study possible alterations in presumptive excitatory and inhibitory synaptic circuits in human neocortex removed from patients with intractable temporal lobe epilepsy. Synaptic density was compared between normal and abnormal regions as identified by Nissl staining and immunocytochemistry for the Ca 2+ -binding protein parvalbumin (PV). The normal regions showed a normal cytoarchitecture and normal pattern of staining for PV, whereas the abnormal regions displayed focal neuronal cell loss and a decrease in immunostaining for PV. In the abnormal regions the overall synaptic density (per 100 µm 2 and per mm 3 ) was approximately 30% higher than in normal regions, which corresponded to an increase of approximately 300 million synapses per mm 3 . The number of excitatory and inhibitory synapses was significantly higher and lower, respectively, than in normal regions. We suggest that these changes are a result of a focal sprouting of excitatory axon terminals and loss of inhibitory terminals which leads to hyperexcitatory synaptic circuits. These circuits may represent a neural substrate for the initiation or propagation of seizure activity in human epileptogenic neocortex. 
Introduction
Epilepsy is a common human brain dysfunction in which alterations of the glutamate and γ-amminobutyric acid (GABA) synaptic systems appear to play key roles (Avanzini et al. 1992) . Clinical symptoms of epilepsy are largely confined to the cerebral cortex, but given the scarce data available on the synaptic circuitry of the normal and epileptic human brain, the basic mechanism (or mechanisms) of human seizure activity is far from being established.
Temporal lobe epilepsy is the most frequent and best known type of human focal epilepsy. Some patients with medically intractable seizure activity are treated surgically and the most typical lesion found is sclerosis of the hippocampus, but the lateral temporal cortex is frequently found to be normal (Falconer 1974; Babb et al. 1984; Meldrum and Bruton 1992) . Thus, the epileptiform activity in the lateral cortex usually is considered to be primarily a result of projected activity from an epileptic focus located in medial temporal structures (commonly the hyppocampus). Recent studies using immunocytochemistry for the Ca 2+ -binding protein parvalbumin (PV) or for the glutamate receptor subunits GluR2/3 and GluR5/6/7 of the AMPA/kainate and kainate receptor subtypes have shown that in the human epileptogenic neocortex with normal appearance (as determined by routine histopathological analyses) there are small, multiple foci of decreased immunoreactivity (DeFelipe et al. , 1994 Marco et al. 1996) . PV immunocytochemistry labels a subpopulation of GABAergic interneurons (which include chandelier cells and basket cells) that are considered to be important inhibitory interneurons for controlling pyramidal cell excitability (Celio 1986; DeFelipe et al. 1989; Hendry et al. 1989 ; Lewis and Lund 1990; Andressen et al. 1993) , whereas most GluR2/3 and GluR5/6/7 immunoreactive cells (pyramidal cells) and synapses are excitatory . Therefore, these regions of decreased immunoreactivity represent regions in which inhibitory and excitatory synaptic systems might be altered. The most outstanding pattern of decreased PV immunoreactivity was the so-called pattern C , which is characterized by a virtual lack of immunoreactive neurons and a reduction in immunoreactive processes in rather small regions (often 200-1000 µm wide). In previous works (DeFelipe et al. 1994 we hypothesized that these regions may result from excitotoxic changes induced by the focal axon terminations of subpopulations of horizontally projecting pyramidal cells (Gilbert and Wiesel 1979; Rockland and Lund 1983; DeFelipe et al. 1986; Huntley and Jones 1991) conveying epileptiform activity (pyramidal cells lacking innervation from chandelier and basket cell axons).
In the neocortex most excitatory synapses are formed by glutamate-containing terminals and are of the asymmetrical type, whereas most inhibitory synapses are formed by GABA-containing axon terminals and are of the symmetrical type (Ribak 1978; Peters and Jones 1984a; White 1989; Conti 1991; Beaulieu et al. 1992) . Therefore, we have used quantitative analyses to compare the overall synaptic density and types of synapses between normal regions showing a normal cytoarchitecture in Nissl-stained sections and a normal pattern of staining for PV, and abnormal regions showing focal neuronal cell loss and a decrease in immunostaining for PV, in the neocortex of the anterolateral middle temporal gyrus removed from epileptic patients. We found a dramatic increase in excitatory synapses and a decrease in inhibitory synapses in the abnormal regions, which suggests the existence of hyperexcitatory synaptic circuits at small foci in the epileptic neocortex.
Materials and methods

Patients and surgical procedures
We have used portions of brain specimens removed during the course of neurosurgery for the treatment of four patients (age range 18-31 years) with intractable temporal lobe epilepsy. These specimens were taken from materials used for neuropathological assessment when the surgical procedure was performed. For all patients, informed consent was obtained prior to surgery. This tissue has been used in previous studies (DeFelipe et al. , 1994 Marco et al. 1996) (patients 3, H18, H21 and H34) , where the clinical data and methods for preparing the material have been described in detail.
Briefly, the patients suffered frequent (often daily) seizure attacks for several years before surgery. The type of seizure included complex partial seizures with (patients 3 and H18) or without (patients H21 and H34) secondary generalized tonic-clonic seizures. In all cases the most active epileptogenic region (most interictal epileptiform activity and all the ictal activity) was localized in mesial temporal structures (amygdalo-hippocampal region), but there was a significant interictal activity arising from the lateral cortex. Simultaneous intraoperative electrocorticographic recordings from mesial temporal structures and the lateral cortex were performed using grid electrodes consisting of four and 20 disc electrodes, respectively. These discs were of 6 mm diameter with a contact surface of 3 mm diameter with 1 cm interelectrode distance (center to center). The lateral cortex was classified and marked as spiking and nonspiking (normal activity). All operative procedures and preparation of tissue samples were recorded with a video camera. Surgical procedures consisted of a tailored anterior temporal cortical resection including most of the amygdala and 1-3 cm of the hippocampus.
MRI and neuropathology
MRI signals were normal in all cases but one (patient 3), which showed a cholesteatoma adjacent to the amygdala. The neuropathological assessment of the removed medial temporal structures revealed capillary telangiectasis in the hippocampus in patient H21, whereas in patient H18 no significant alterations were found. No data were available for patient H34. None of the patients showed neocortical dysgenesis nor any other overtly abnormal neocortical cytoarchitectural features. After surgery, all patients were seizure free.
Immunocytochemistry and electron microscopy
The resected temporal neocortex was fixed by immersion in a solution of 4% paraformaldehyde in 0.1 M phosphate buffer, and then photographed and cut into small blocks that included either spiking or nonspiking regions, as guided by the video camera recording. The blocks were cut at 100 µm on a Vibratome and processed immunocytochemically for PV as described in detail previously ) using a monoclonal antibody anti-PV (Swant Bellinzona, Switzerland; Celio et al. 1988 ) at a dilution of 1: 5000. The sections were then treated by the ABC-peroxidase method using Vectastain ABC kits (Vector Laboratories, Burlingame, Calif.). The bound immunoglobulin-peroxidase complexes were visualized using 3,3′-diaminobenzidine tetrahydrochloride and hydrogen peroxide in phosphate buffer. Immunostained sections were osmicated, dehydrated, and flat-embedded in Araldite resin.
Plastic-embedded sections were photographed under the light microscope and then resectioned serially into semithin (2-µm-thick) sections with a Reichert ultramicrotome. The semithin sections were examined in the light microscope and photographed. Thereafter, the semithin sections were stained with 1% toluidine blue in 1% borax, examined again with the light microscope to identify cortical layers, and again photographed. Selected semithin sections were resectioned at 60-70 nm (DeFelipe and Fairén 1993) and collected on Formvar-coated single-slot grids, stained with uranyl acetate and lead citrate and examined in a Jeol-1200 EX electron microscope. This correlative light and electron microscope method allowed for the accurate localization of cortical layers at the electron microscope level. The semithin sections were taken from the deepest part of the 100-µm-thick sections where the immunocytochemical reaction product was lacking but ultrastructural preservation was better (normal or abnormal patterns of PV immunostaining were present on both sides of the 100-µm-thick sections).
Control sections for immunocytochemistry were processed as above, but the primary antibody was replaced with anti-PV which was previously preincubated with parvalbumin protein (Swant). With this replacement no specific staining was oberved.
Quantitative electron microscopic analysis
The sampling procedure consisted of 10-30 samples of neuropil from each cortical layer (layers I, II, IIIA, IIIB, IV, V and VI) from each cortical region examined. These regions were three normal (from patients H18, H21 and H34) and three abnormal (from patients 3 and H18). These samples (n=689) were electron micrographs (at a magnification of 10 250) printed at a final magnification of 30 000. All synapses were counted in each print, which represented approximately 38 µm 2 . The numerical density of synapses per unit volume was calculated using the formula N V =N A /d, where N A is the number of synapses per unit area and d the average length of synaptic contacts (Colonnier and Beaulieu 1985) . The length of synaptic contacts (synaptic apposition length) of all synapses was measured on the prints. In addition, in one case the formula N V =ΣQ -/a×h (disector method of Sterio 1984) was also used, where ΣQ -is the synaptic profiles that are present in the reference sections and disappear in the look-up sections, a is the sampling area and h the thickness of the sections. h was calculated by the small fold method (Weibel 1979) . Three disectors were analyzed from both cortical layers I and II.
Data were analyzed using a two-way analysis of variance (ANOVA). When the overall ANOVA was significant a post-hoc Fisher's test was applied. Counts and classification of synapses were made independently by the two authors and then re-examined together.
Results
To examine synaptic organization in the neocortex of epileptic patients (n=4), a comparison was made between synaptic density within normal and abnormal regions. All samples were from the anterolateral middle temporal gyrus (area 21 of Brodmann), they showed a nonspiking (normal) activity as determined by intraoperative electrocorticography and did not display gliosis as determined by immunocytochemistry for glial fibrillary acidic protein (DeFelipe et al. , 1994 Marco et al. 1996) . The normal samples (n=3) were from regions which showed a normal cytoarchitecture in Nissl-stained sections and a normal pattern of staining for PV. This normal pattern of PV immunostaining was similar to that previously described in the normal human neocortex (Hof et al. 1991; Ferrer et al. 1991; Marco et al. 1996) . The abnormal re-4 Fig. 3 Electron micrographs showing the ultrastructure of the neuropil in a normal region (A) (taken after resectioning the semithin plastic section shown in Fig. 2A ) and in an abnormal region (B) (taken after resectioning the semithin plastic section shown in Fig. 2B ). Note in B the large number of synapses (arrows) and profiles of small size (curved arrows) as compared with the normal cortex. SS symmetrical synapses, AS asymmetrical synapses, US uncharacterized synapses. Scale bar: A 0.4 µm, B 0.4 µm& / f i g . c :
Fig. 4 A Electron micrograph of an apoptotic body taken after resectioning the semithin plastic section shown in Fig. 1C from the abnormal region presenting decreased parvalbumin immunostaining (asterisk in Fig. 1C) . B,C Higher magnification from two serial sections of the area indicated with an arrow in A, showing three axon terminals (T1, T2, T3) forming asymmetrical (T1, T2) and symmetrical (T3) synapses. This synaptic connectivity suggests that the apoptotic body derives from an interneuron (Peters and Jones 1984b) . Scale bar: A 0.5 µm, B 0.26 µm, C 0.26 µm& / f i g . c :
v gions (n=3) examined were characterized by a severe decrease in immunostaining for PV in rather small areas (500 µm wide or less) that affected mainly layers III-IV (Fig. 1A, B) . After resectioning to yield 2 µm semithin sections, the semithin sections from normal regions exhibited a normal appearance ( Fig. 2A) , whereas those from abnormal regions showed a clear neuronal loss (Fig. 2B) restricted to the layers that presented the immunoreactive decrease (Fig. 1) . Selected semithin sections from normal and abnormal regions were resectioned for electron microscopy (Figs. 3, 4) and synapses counted in the neuropil. In the abnormal regions, synapses were counted within the layer (or layers) showing a decrease in PV immunostaining and within the layers immediately above and below it.
The neuropil from normal regions showed a normal ultrastructure (Peters et al. 1991) (Fig. 3A) , whereas abnormal regions (Fig. 3B) showed a denser neuropil (with numerous dendritic and axonal profiles of small caliber, but few glial processes) and the presence of apoptotic bodies which indicates that cell death occurred in the latter abnormal regions (Fig. 4) . These apoptotic bodies frequently received synapses (Fig. 4B,C) showing that they derived from neurons. The two major morphological types of cortical synapses -type I and type II of Gray (1959) , which correspond, respectively, to the asymmetrical and symmetrical types of Colonnier (1968; see also Colonnier 1981; Peters 1987 ) -were clearly identified in the present material (Fig. 3) . Synapses were classified into three types: asymmetrical, symmetrical and uncharacterized. The former two were identified mainly by the thickness of their postsynaptic densities, while the uncharacterized synapses were those that, due to the plane of section or ill-defined postsynaptic densities, could not be identified as either asymmetrical or symmetrical. For the total cortical thickness of normal regions, the average percentage of synapses that could be characterized (asymmetrical plus symmetrical) was approximately 58%. The percentage of asymmetrical and symmetrical synapses was 84.7% and 15.3%, repectively, and the overall synaptic density per 100 µm 2 was 22.8 (the mean±SEM of the three normal regions examined was 22.0±0.8 in patient H18, 21.2±0.8 in patient H21 and 28.4±1.2 in patient H34). These values were similar to those found in the normal primate neocortex (e.g., Rakic et al. 1986) .
A comparison between a normal region and an abnormal region within the same neocortex (patient H18) was performed. In the normal region the synaptic density was 22.0/100 µm 2 , whereas in the abnormal region it was 32.2/100 µm 2 . The number of synapses per mm 3 in the normal region was 860 million, whereas in the abnormal region there were 1370 million synapses per mm 3 (Table  1) . This represents an increase of approximately 60%. In addition, the numerical density of asymmetrical and symmetrical synapses in the normal region was 11.7/100 µm 2 and 1.9/100 µm 2 , whereas in the abnormal region these values were 15.7/100 µm 2 (34% increase) and 1.6/100 µm 2 (15% decrease). Comparisons of synaptic density in pooled neocortical samples of normal and abnormal regions showed similar results. However, the magnitude of the changes was more remarkable when comparisons were made within the same neocortex. In the pooled samples, the overall synaptic density per 100 µm 2 in the abnormal regions was significantly higher (P<0.0001) than that in normal regions (Fig. 5A , Ta- Table 1 Synaptic density (±standard error of the mean) for the total cortical thickness within a normal neocortical region and within an abnormal region (see Results for details) from portions of the ble 2). The increase in synaptic density was 27.5%. Also, the density of asymmetrical and uncharacterized synapses was significantly higher (P<0.0001) in abnormal regions ( Fig. 5B) , whereas the density of total symmetrical synapses in these regions was significantly (P<0.05) lower than in normal regions (Fig. 5B) . Moreover, the overall synaptic density per mm 3 in abnormal regions was also significantly higher (P<0.0001) than that in normal regions (Fig. 6, Table 1 ), the percentage increase being 32.95%, which corresponds to an increase of 317 million synapses/mm 3 . As shown in Figs. 5C and 6B, the changes in the overall synaptic density (per unit area and volume) affected mainly layers I-IIIB. In patient H34, the synaptic density per mm 3 in layers I and II was also estimated using the disector method. The total value obtained was 2484 million synapses/mm 3 , whereas with formula N V =N A /d this value was 2227, which represents a difference of only about 10%.
Finally, for the total cortical thickness, there was a significant (P<0.05) decrease in the length of synaptic contacts in abnormal regions (Table 2) . A similar tendency was found in most of the individual layers, but the difference was significant (P<0.05) only in layers I and II. Because it was possible that the changes in average synaptic contact length were due to changes in morphology from linear to perforated synapses (Peters and Kaiser- man-Abranof 1969), we estimated the number of perforated synapses per 100 µm 2 in a normal and an abnormal region. The sampling procedure consisted of 10 samples of 38 µm 2 of neuropil from each cortical layer (layers I, II, IIIA, IIIB, IV, V and VI) from each cortical region examined. It was found that the number of perforated synapses in normal and abnormal regions was similar (1.9/100 µm 2 and 1.5/100 µm 2 , respectively). Thus, the decrease in synaptic contact length observed in the abnormal regions was not due to a change in morphology from linear to perforated synapses.
Discussion
In the present quantitative electron microscopic study the numerical density of synapses per unit area and volume in the neuropil was compared between normal regions (showing a normal cytoarchitecture in Nissl-stained sections and normal pattern of staining for PV) and abnormal regions (showing focal neuronal cell loss and a decrease in immunostaining for PV) in the neocortex of the anterolateral middle temporal gyrus removed from epileptic patients. We found that the overall synaptic density in abnormal regions was significantly higher (P<0.0001) than in normal regions (by approximately 30%). This increase was due to an increase in the density of asymmetrical and uncharacterized synapses, which were significantly more numerous (P<0.0001) in abnormal regions compared with normal regions. Because neuronal cell loss occurred in abnormal regions and the cortical space occupied by neuropil increases, the present results indicate that the increase in absolute number of asymmetrical and uncharacterized synapses should be even greater in these abnormal regions. Certainly, if many of the uncharacterized synapses involved symmetrical synapses, then an increase in these synapses would occur in the abnormal regions. However, this is unlikely because a significant (P<0.05) decrease in axon terminals forming symmetrical synapses was found in abnormal regions. Furthermore, these regions have recently been found to always be mirrored by coincident decreases in glutamic acid decarboxylase (GAD) immunoreactivity (decreases in both immunoreactive terminal-like puncta and cell somata) in adjacent sections , and it is well established that GAD-positive axon terminals form symmetrical synapses (e.g., Ribak 1978; Hendry et al. 1983) . Therefore, the increase in uncharacterized synapses must be due to an increase in synapses of the asymmetrical type. Within the abnormal regions the most remarkable ultrastructural features were the presence of apoptotic bodies and the filling up by dendritic and axonal processes (but not by glial processes) of the empty spaces left by the neurons that had disappeared. The source of these dendrites may be the surviving neurons within these regions and/or the surrounding neurons of the adjacent normal regions. Since relatively few neurons were present in the abnormal regions, it is likely that many dendrites within these regions originated from the normal surrounding neurons. However, the source of the axonal processes may be as mentioned above and/or some other neurons situated at a distance .
To estimate synaptic density we examined the neuropil because the majority of synapses (including GABAergic synapses) are found in this cortical compartment (e.g., Beaulieu et al. 1992 ; for a review see DeFelipe and Fariñas 1992) . We used a correlative light and electron microscopic method (DeFelipe and Fairén 1993) that allows the exact correlation of light and electron micrographs to ensure that the structures under study by electron microscopy (e.g., cortical layers or regions with a decrease in immunostaining) are those previously identified by light microscopy (see Materials and methods). Of the two stereological formulae that are commonly used to estimate the numerical density of synapses per unit volume (N V =N A /d and N V =ΣQ -/a×h: see Materials and methods), we used the former. Comparisons of the total synaptic density calculated by each of these methods have shown that both stereological approaches yield similar estimates (Keller et al. 1992; Beaulieu et al. 1992 ; present results), but the N A /d formula has been checked with test objects approximating the parameters of cortical synapses that were embedded in known volumes of a transparent medium and it was found that this formula yielded an accurate estimate of test objects per volume with an error of only about 5% (Colonnier and Beaulieu 1985) .
The finding in the present and previous ) studies that changes in synaptic circuits occurred within regions showing abnormal patterns of PV immunostaining indicates that PV immunocytochemistry is useful for identifying regions with abnormal circuits in epileptic patients. These changes seem likely to be related (directly or indirectly) to the occurrence of seizures in the brains of these patients because no patches of decreased PV immunostaining were observed in sections from neurologically normal human neocortical tissue (post-mortem samples processed similarly to the biopsy specimens) and because there is no indication that focal cell death and subsequent reorganization of synaptic circuits occur in the normal neocortex . However, these changes are definitely found in both spiking and nonspiking cortex (DeFelipe et al. , 1994 Marco et al. 1996) , making it difficult unambiguously to correlate abnormal PV immunostaining and changes in synaptic circuitry with patterns of spiking cortex. Nevertheless, in our series of patients it is hard to interpret the significance of cortical interictal spikes recorded by intraoperative electrocorticography and to correlate accurately the microanatomical and physiological findings for the following reasons (see also DeFelipe et al. , 1994 . First, simultaneous recordings from mesial temporal structures and the lateral temporal cortex indicate that there is significant interictal activity arising from both sites, but due to the strong reciprocal connections in the monkey (and thus probably also in humans) between mesial temporal structures and the lateral tem-poral cortex (Van Hoesen 1982; Suzuki and Amaral 1994) it is usually difficult to ascertain whether the spiking activity recorded from a given electrode is primarily a projected or an intrinsic activity. Thus, if a cortical region shows epileptiform activity during electrocorticography it does not necessarily mean that this activity arises from that region. Second, cortical regions not showing epileptiform activity at the moment of the intraoperative recordings may have the capability for seizure activity at some other time. Lastly, the levels of resolution obtained with electrocorticography and anatomy are different (the contact surface of the disc electrodes is 3 mm in diameter, whereas the abnormal regions detected by PV immunocytochemistry are often less than 500 µm wide). Thus, it is difficult to know how or to what extent these abnormal regions contribute to epileptiform activity. However, it is important to note that PV immunocytochemistry labels a subpopulation of GABAergic interneurons (which includes the most powerful inhibitory interneurons in controlling pyramidal cell excitability : Celio 1986; DeFelipe et al. 1989 Lewis and Lund 1990; Andressen et al. 1993) and that the neocortical samples used in the present study were from patients that suffered frequent (often daily) seizure attacks for years. Furthermore, asymmetrical and symmetrical synapses are formed mainly by excitatory and inhibitory axon terminals, respectively (Ribak 1978; Peters and Jones 1984a; White 1989; Conti 1991; Beaulieu et al. 1992) . Therefore, it is reasonable to speculate that the regions of neocortex showing decreases in PV immunoreactivity (which, in turn, correspond to regions showing an increase in excitatory synapses and a decrease in inhibitory synapses) may be particularly relevant to epileptogenesis.
The decrease in synaptic contact length observed in the abnormal regions may have a functional implication, but we do not know whether or not this is related to particular patterns of synaptic activity. Synaptic plasticity regarding the size of synaptic contacts (increase or decrease) has been shown under a variety of experimental or pathological conditions (for a review see Calverly and Jones 1990). However, the functional significance of these changes remains highly speculative. Further studies are necessary to investigate other possible morphological plastic changes that may occur at the synapses (e.g., synaptic shape or changes in presynaptic dense projections) in the abnormal regions.
Epilepsy has many possible etiologies and there is a variety of pathological findings in the surgical specimens from patients with medically intractable seizures. Since the abnormal patterns of PV and GAD immunostaining and, therefore, abnormal synaptic circuits are found in the temporal neocortex independently of the pathology (e.g., presence or not of a tumor, presence or absence of neuronal cell loss in the hippocampus) associated with epilepsy , it is possible that these changes represent a common anatomical substrate responsible for seizure activity. One of the major hypotheses explaining the pathogenesis of temporal lobe epilepsy in both human and animal models is that there is a proliferation of mossy fiber excitatory terminals in the hippocampus that would lead to focal hyperexcitability and subsequent seizure activity (for reviews see Nadler 1989; Ben-Ari and Represa 1990; McNamara 1994; Schwartzkroin 1994 ). The present study shows, for the first time, direct evidence of a local proliferation of excitatory synapses in the adult human epileptogenic neocortex, and the results are consistent with the recent finding that axonal sprouting occurs in pyramidal cells of chronic neocortical epileptogenic lesions in the rat (Salin et al. 1995) .
Finally, the changes in synaptic density found in the present work were more pronounced in supragranular layers than in infragranular layers. This is in line with the recent study by Albowitz and Kuhnt (1995) showing that horizontal connections in supragranular layers are of particular importance for the spread of epileptiform activity in the guinea-pig neocortical slice preparation. Therefore, the neuronal synaptic circuits of the supragranular layers of the neocortex appear to be especially relevant for the propagation of epileptic activity. We do not know, however, whether the hyperexcitatory synaptic circuits presented here were a primary cause of epileptic activity or secondarily related events that may promote seizure activity.
